Analysis of forest canopy hemisphere images is one of the most important methods for measuring forest canopy structure parameters. This paper focuses on improvements to contour extraction method for the circular imaging region in forest canopy. We proposed an effective contour extraction algorithm based on circular hough transform for the circular imaging region of digital canopy hemispherical photography (DHP). In order to eliminate the threshold segmentation error, the morphological opening and closing was used to remove these desultory points and smooth the outline of the imaging region. After the boundary points of the imaging area were extracted through erosion, the circular hough transform was applied to fit the boundary point for finding the position of the center and gaining the radius. The experimental results proved its feasibility in terms of effective implementation and robustness.
Introduction
Forest canopy characteristics are important in various applications, such as the conservation and restoration of understory species [2] , invasive species control, post-tsunami assessment and analysis [20] , acceleration of hurricane recovery, monitoring of water and carbon cycles [16, 24] , and radioecology [14] . Forest canopy characteristics include many physical and measurable variables such as canopy closure [18] , canopy coverage, diffuse non-interceptance (DIFN) [23] , gap fraction [21] , leaf area index [19] , light metering, etc. (Table 1 ). Among these various methods for measuring forest canopy variables, digital hemispherical photography (DHP) is widely used, because of its ease of use, quick acquisition, and low cost of acquisition [5] . Amount of foliage that a vertical line through the canopy will intersect Light metering Amount of photonic energy from the sun DHP is to estimate forest canopy characteristics by analysing photographs using a hemispherical fisheye lens with a 180˚ circular view, which produces a circular projection of the forest canopy ( Figure 1 ) [13] . Because of the large angle of fisheye lens, DHP provides more information than the non-hemispherical photography. First, the forest canopy is shot by hardware which commonly consists of a camera with a fisheye lens and optional accessories (tripod, leveling mount, and remote controller). Hemisphere images are stored commonly in compressed JPEG image format in the camera. Then, these images are digitally processed to differentiate sky from canopy. Gap fraction and LAI can be obtained by analyzing the relationship between the sky and the number of pixels in the canopy [25] . Other forest canopy parameters cn be obtained in a similar way. DHP has the greatest potential for canopy structure parameter estimation [9, 25] and has the advantages of low sensitivity to illumination conditions, finer directional spatial sampling of canopy gaps, and ability to derive solar radiation regimes [4] .
However, because the imaging region is circular, there are massive non-imaging pixels in the rectangular photograph from DHP. Figure 2 is a canopy hemisphere image collected in the forest, where the black pixels outside the circular imaging area are non-imaging pixels. Estimating the canopy parameters requires analysis of the sky portion and the canopy portion in the imaging region, so it is necessary to remove the non-imaging pixels to extract the imaging region. There are many advantages to extracting imaging areas:
• Because canopy analysis often requires precise parameter values, image processing algorithms that extract parameters usually are complex. It can reduce the amount of computation and the run time that pre-separating a large number of non-imaging pixels.
• After splitting part of imaging area of the sky and the canopy, it is easy to get another part.
Since the imaging area is circular, it is only necessary to extract the circular contour of the imaging area, i.e. the circular imaging region's center and radius. In Figure 2 , the center of circular imaging region and the center of photograph are obviously not the same point, and the radius of circular imaging region is independent of the size of photograph. On the other hand, we know that the imaging range of a photograph is decided not only by the optical center of the camera but also by the focal length; different cameras with different fisheye lenses have different imaging ranges. Most importantly, the radius and the center cannot be found in the hardware specifications [22] . Therefore, imaging region's center and radius cannot be easily obtained by image size and hardware parameters, and should be calculated by image processing algorithms. This paper focuses on improvements to contour extraction method for the circular imaging region in forest canopy. As far as we know, the literature about the contour extraction method for the circular imaging region in forest canopy digital hemispherical photography is less. Song et al. proposed a segmentation algorithm by the least squares method to fit the circular boundary and compute the center and radius of the circular imaging region [22] . They applied the algorithm to ideal images acquired under certain conditions in order to have a clear boundary and obtained good results. However, the environmental conditions of forest are complex and varied. Changes in light and other factors affect the extraction of the boundary point, leading to a bad result that some of the extracted edge information was wrong. Moreover, this often happens. The robustness of least squares method is not strong. These erroneous edge information often affect the accuracy of the algorithm, resulting in a larger error.
The Hough transform (HT) is a powerful tool in shape (curve like circle, line, and ellipse) analysis [6, 15] . The HT was introduced by Paul Hough [7] in a patent filed in 1962. The basic principle of the HT is to project the image data within a parameter space representing possible positions of a shape in the image space, then to search accumulation points in the parameter space, corresponding to the most probable positions of the shape in the image [3] . The circular hough transform (CHT) is an application of the HT for circle detection [8] . Besides, CHT has strong robustness against noise, occlusions and discontinuities in images [12, 17] . It can not only identify the circle whose part of the edge is missing, but can also resist the interference of the wrong boundary. Thus, it is ideal to reduce the impact of error boundary information and suitable for extracting circular contours in complex and changing environmental conditions. The goal of this study is to propose an effective contour extraction algorithm based on circular hough transform for the circular imaging region, which could provide technical support for the follow process about estimating forest canopy characteristics in DHP.
Materials and methods

Acquisition of hemispherical photographs
The study site is located within the Liangshui National Nature Reserve, in Northeastern China. We used a Nikon Coolpix 4500 digital camera equipped with a calibrated FC-E8 fish-eye lens with a field of view of 180° for all hemispherical photographs [11] . All of the hemispherical photographs of sample points were taken 1.3 m above the ground using a tripod, and the camera was leveled to face exactly the vertical using a bubble-level. We chose the following settings for the camera:
• Aperture priority mode with aperture set at F5.3 (i.e., automatic exposure).
• 3264 × 2448 Pixels image.
• Fine JPEG format.
A total of 29 hemispheric photographs were obtained at the sample points that were located random 29 points in the study site.
Circle hough transforms
As is the case for all Hough transforms, the CHT seeks to map an image into a quantized parameter space that describes the target objects. An arbitrary circle in two dimensions can be described by
where 0 x and 0 y are the x and y coordinates of the centre of the circle and r is the circle's radius. Each different threetuple   00 ,, x y r uniquely parametrizes different circles that may be present in an image. Each point in the Hough space therefore corresponds to a complete circle with a particular location and size.
In its common form, the Hough transform operates on each image pixel independently. For each pixel the algorithm finds the set of parameter tuples that would result in an object passing through the considered pixel. That is, consideration of an image pixel   Figure 3 illustrates the voting process. Points P1, P2 and P3 are taken randomly and belong to the same circle with r0 the radius and (a0, b0) the coordinates of its center. In the Hough space, each point generates a circular cone, i.e. the set  of parameter tuples that each point corresponds to. The three cones in the Hough space intersect at (a0, b0, r0) corresponding to the parameters of the circle formed by the points P1, P2 and P3.
For the application in this article, the algorithm constructs an accumulative matrix, based on votes in the Hough space by CHT, and finds local maximums, then the radius and center of any circular features in the input image can be recovered. 
CHT-based contour extraction in DHP
Image processing, calculation and analysis of contour extraction were implemented in Matlab 8.3 (R2014a) (The MathWorks, Inc.). The entire process of contour extraction algorithm is divided into two parts: boundary point extraction and circular boundary fitting. The aim of boundary point extraction is to get the edge information of the circular imaging region in the hemispherical photographs and provide support for the later process, i.e. circular boundary fitting. In circular boundary fitting, edge information is transformed into the Hough space by CHT, called the voting process. Then, the maximum is determined, and the center and radius that the peak represents are the circular imaging region's center and radius.
Boundary point extraction
In the hemispherical photograph from forest canopy, most are low green vegetation or branches of distant trees near the edge of circular imaging region. That is, the pixel values near the edge of the circular region are higher on the green component than the other two components. Thus, the proposed method uses the green component grayscale image of the hemisphere image to extract the edge information. We use minimum error thresholding to divide the green component grayscale image of the hemisphere image for obtaining the imaging region and the non-imaging area. Figure 4 (a) is a binary image obtained by the thresholding processing the green component gray image of Figure 2 , the white region being the imaging area, and the black region being the non-imaging area. The desultory points (some small white spots in black region and black spots in white region) usually appear in the result of canopy hemispherical image using minimum error thresholding, as shown in Figure 4 (b)(c) as the enlarged figures of Figure 4 (a) at the red circles. These points affect the extraction of the imaging area boundaries. The morphological opening and closing is used to remove these desultory points. The opening could remove the particular image detail that is smaller than the structural elements (i.e. white spots), and the closing could fill the particular holes that are smaller than the structural elements (i.e. remove black spots). They smooth the outline of the object, and at the same time ensure that it does not produce global geometric distortion [1, 10] .
Let the imaging region be represented by a set A whose elements are a tuple of the form ( , ) xy, where x and y are coordinates of a white pixel in the binary image. Let the flat circular structuring elements be represented by a set B , whose radius is 5 and center is at the origin. The opening of set A by structuring element B , denoted by AB , get the set A . It is defined as follows:
where represents the erosion. The erosion of set P by Q , denoted by PQ , is defined as follows:
where  represents an empty set, Q is a structuring element. In Equation (3),  represents the dilation. The dilation of set P by Q , denoted by PQ  , is defined as follows:
where  represents an empty set, Q is a structuring element. The closing of set A by structuring element B , denoted by AB  • , get the set A . The closing operation is opposite to the opening operation. The closing A by B is the dilation of A by B , followed by a erosion of the result by B . It is defined as follows:
where  represents the dilation, and represents the erosion. The result of the Figure 4 applying opening and closing is shown in Figure 5 , and the set of all white pixels in the image is A .
(a) (b) Figure 5 . (a)The result image using opening and closing; (b) the enlarged figures of (a) at the red circle Finally, by extracting the boundary of the set A to get the contour information of the imaging region. The boundary of set A , denoted by () A   , can be obtained by first eroding A by C and then performing the set difference between A and its erosion. That is,
where C is the square structuring element whose length of side is 3. Figure 6 shows the result of boundary point extraction.
For clearly showing, the border width in the image has been enlarged. In circular boundary fitting, the algorithm completes the contour extraction of the circular imaging area based on the edge information obtained from the boundary point extraction. The important aims of this process are to find the position of the center and obtain the radius accurately. In order to increase the performance of CHT, we resize all images so that the length and width become 1/4 of the original and search for the circle with an experimented selected radius range of 250-306 pixels. The boundary points gained from the previous are transformed by CHT. Among circular responses generated by CHT, only the strongest circle must be chosen. The strongest circle is the one that correspond to the contour of the circular area. To test the effectiveness of the above process, they were applied to Figure 6 and obtained that the radius of the fitting circle was 284 pixels and center coordinate was (419,300). Since the resizing was done before CHT, the true radius and the center coordinate of the circle are four times the resulting value, and the true radius is 1136 pixels and center coordinate is (1676, 1200). In order to show the fitting effect more clearly, the circle is plotted with blue lines according to the resulting radius and center in Figure 5 ( Figure 7) . The results show that the above process can fit the circular boundary well, and they are effective. Finally, the circular imaging region obtained by the proposed contour extraction algorithm is shown in Figure 8 .
Results and discussion
In order to reflect the good performance of the proposed contour extraction algorithm, it was compared with the contour extraction algorithm based on least squares method (LS extraction algorithm). In the experiment, 29 hemispheric images were analyzed by the method in this paper and LS extraction algorithm, and the results were then compared with the manual measurement.
The step of the manual method (MM) is as follows:
• Step 1. Threshold segmentation and morphological processing were applied to the target image to get the imaging area.
• Step 2. In Photoshop 14.0 (Adobe Systems Incorporated), the circle was drawn on the imaging area by the ellipse marquee tool. The size and position were then adjusted by the transforming selection so that the circular selection is best suited for the imaging area.
• Step 3. The vertex coordinates of the circumscribed square of the circular area were read, and the radius and center coordinates were calculated. Among the processed hemisphere images, two representative samples were analyzed in detail. In Figure 9 , it can be seen that most of the circle of LS extraction algorithm was consistent with the circle of manual method, but the circle of LS algorithm was slightly larger in the upper right corner, while the circles obtained by the proposed method and the manual method almost coincided. In short, in this case the proposed method is superior to the LS extraction algorithm. Figure 10 reflects the robustness of the proposed method under complex and changing environmental conditions. In Figure 10 , it can be seen that the circle fitted by the LS extraction algorithms seriously deviated from the correct circle, while the circle of the proposed method had little difference from the correct circle. In summary, the method of this paper has stronger robustness and provides higher recognition accuracy. Table 2 shows the average error of the collected 29 hemispherical images through LS extraction algorithm and the proposed method. The center error is the distance between the obtained and manual method's center coordinates. The radius error is the absolute value of the difference between the obtained and manual method's radius. The total error is the sum of the center error and the radius error. It can be calculated that the average center error of LS extraction algorithm is 5.8 times that of the proposed method, and the average radius error is 6.1 times that of the proposed method. The average total error is 5.9 times that of the proposed method. 
Conclusions
In this paper, we proposed a method of contour extraction based on circular Hough transform. The algorithm used minimum error thresholding to divide the green component grayscale image of the hemisphere image and obtain the imaging region and the non-imaging area. This approach can reduce the effect of interference generated under complex and changing environmental conditions. Considering the running time and computational complexity, the method of this article could reduce the size of the original image and set the a priori information of the radius range. Hence, this study lays a foundation for automatically adjusting the parameters of high-performance image acquisition devices used in forest canopy hemispherical photography.
